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1. INTRODUCTION

In a previows pper.' hereinafter referred to as paper 1, the absorbed-
dose and dose-equivalent rates produced in the atmosphere by an energetic
sclar flare - the flare of Fetruary 23, 1956 - were computed. These resuits
were obtained by calculating flux spec.ra at various atmospheric dzpths and
then applying available flux-to-dose conversion factors to determine the
dos2 retes. This procedure for oblLaining the dose rates is. of course,
only spproximate, and the primary purpose of the present work ic to evaluate
the validity <~ this approximation. A second objective is to estimate the
influence that the fuel carried by a supersonic aircraft will have on the
dose received by the passengers in the event of a solar flare.

Here, as in paper 1, we are concerned with only the maximum dose in a
30-g/cm? slab of tissue; thay is, the dose rate at a depth of x g/cm? in
air means the maximm dose rate which would occur in & slab of tissue if
the tissue were to replace the air from x to x + 30 g/cm?. Obviously, to
determine the dose correctly involves calculating the spatial dependence
of the dose in the tissue using an sir-tissue-air arrangement with the,
tissue located st each of the depths at which the dose is desired. How-
ever, this procedure requires consider.ble computational effort since a
separate transport calculstion must be carried out to determine the dose
st each depth. A mcre expedient procedure, vhich was us”.d in paper 1, is
to compute in a single transport calculastion the flux spectra at each depth
using air only. These spectra are then multiplied by available flux-to-
dose fuctors, vhich have been determined using tissue only, to obtain the
dose at sach depth. This procedure introduces several approximations. In
the present work calculations are carried out using an air-tissue-air
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arrangement, and the dose in the tissue is compared with that given in
paper 1 to odtain the error introduced by using flux-to-dose conversicn
factors.

In order to interpret subsequent comparisons of the results obtained
here with those given in paper 1, it is necessary to point out some of the
spproximations involved in using flux-to-dose factors and in the manner in
vhich the factors were used in paper 1. The flux-to-dose factors used were
determined for the case of monoenergetic neutrons or protons normally or
isotropically incident on onc side of an infinite slab of tissue 30 g/cm?
in thickness with a vacuum on either side of the t.iuue.b The application
of these factors to any other configuration, including that of interest
here vhere there is air on either side of the tissues, introduces some error.
Too, the angular distribution of the flux is, in general, intermediate be-
tveen the two extremes for which the flux-to-dose factors were det-rmined.
Thus there exists some choice as to how the flux-to-dose factors can be
implemented. In paper 1 the factors for normal incidence were applied to
the omnidirectional flux. It is important to realize also that applying
flux-to-dose factors to the spectra calculated using zir caly cammot yield
thes.edaevhichm.’ulhobt-m-m-ur-wm
because of the flux perturbation caused by the presence of the tissue; that
is, the flux spectrum at a given depth in air is not the same as at an air-
tissue interface at this depth because of the difZarence u't' : icar
properties of air and tissue. A further approximation is int... . .« when
using flux-to-dose factors corresponding to the maximum dose becsuse the
depth in the tissue at vhich the maximum occurs is energy dependent. There-
fore, multiplying the flux at each energy bty the corresponding flux-to-dose
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factor at each enmergy and summing givi: the sum of thc maximum doses at

each energy, wvhich, in general, is larger than the maximum dose in the

AR SRR L AR RS R AN
SN VN NN YN
NN NN

tissue.

In the next section some of the details of the calculation are given,

v
and in Section III the results are presented and discussed.
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The calculations have been carried out for the solar flare which took
Place on February 23, 1956. m:rlmmummlbecmofuwnry

large intemsity of high-zaergy protons. Since the en~rgy spectrum for this

<
T
flare is not vell known, » elsche’ has er:imated upper and lower limits for ;9:
the prompt (i.e., for & time near maximal inteasity) flux spectrum. In g
Paper 1 calculations were made for both limits, but in the present calcu- E
lactions only the upper-limit spectrum is considered. It is assumed that :.:
the protom flux is incident is>tropically on the top of the atmosphere. g
!hnulnctmuudhglmlnpanl. g
-
3

The configurstions considered are illustrated in Fig. 1. The protons N \ \
mmu-tntx-o,mmmem.umwnutmwu \\

1033 g/em?. The ground was not comsicered since it vill have a negligible s §
effect st the high altitudes vhich are of interest here. The configurstion :
tcmuhutht“umx.nn!hconrmuuonvithtutiuu \\

&t & deptk ~f 58 g/cm? (65,000-ft altitude)

vas chosen to compare with the
results at this depth using air only. Since supersonic air ‘~aft wvill carry

mmdfnol.thmiam“toUht,ifm.cffoct

the difference in the nuclear properties of fuel and air will have on the
j dose received by the passengzrs. To estimate this effect, a configuration

x=1033 g/cm?

x=0

l' mmxnmamurumtuumumme The




structura’ materials of the aircraft have not been included since the cal-
culations of Leimdorfer et al.® indicate that they will not have a signifi-
cant effect on the dose inside the aircraft.

The composition of the materials used are given in Table I. The density
variation of the air with altitude was taken in%to eccount since pions and
suons are included in the calculations, and their decay probability per
unit distance is density dependent.

As for the method of calculation, the Monte Carlo transport program
vritten by Coleman? was used for protons, charged pions, muons, and neu-
trons above 15 MeV, ard the Monte Carlo progrem of Irving et al.!® was used
for neutrons below 15 MeV. The details of the method of calculation are
the same as discussed in paper 1 with tvo minor exceptions: here the coup-
ling energy between the two transport programs is 15 MeV rather than 25 MeV
used in paper 1, and here elastic collisions by neutrons above the coupling

energy are included whereas they were not in paper 1.

TABLE T

COMPOSITION OF MATERIALS USED
(in atom percent)

Mr. 'rismb Puel

Element (Density: varisble) (Demsity: 1.00 g/cm®) (Density: 0.80 g/cm?)

c

H 62.%1 68.0
c 12.23 32.0
. 79.0 1.08
0 21.0 23.63
Na 0.0b
Mg 0.01
P 2.28
s 0.0k
c1 0.02
K 0.03
Cca 0.23

a. The density variation with altitude vas taken from ref. T.

b. This is the composition for “whole body"™ tissue and is based on o~
the data given in ref. k.

c. The fuel density and compositicn are based on the data given in

ref. 8.
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III. RESULTS 4 ORNL-DWG 69-13988
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Figurss 2 and 3 show the absorbed-dose and dose-equivalent rates, re-
spectively, for four cases: (a) the dose rate at various depths taken from 4&
paper 1, vhich vere determined by computing the omnidirectional flux spec- S »-—}—-
tra at each depth using air only and applying flux-to-dose factors; (b) the [~ £
dose rate at various depths determined by computing the "forward" flux
spectra, i.e., the flux spectra due only to those particles moving down- 2
vard in the atmosphere, at each depth using air only and applying flux-to-
dose factors; (c) the dose rate at the air-tissue interface at 58 g/cm? de- A
termined by computing the forward flux at the interface using an air-tissue- " ,00
=
air arrangement and applying flux-to-dose factors; and (d) the dose-rate i :
distribution in the tissue, vhich is the ccrrect dose in the sense that an 5 A S—
air-tissue-air arrangement was used and flux-to-dose factors were not used.
The error bars on these and subsequent figures represent statistical errors !
of one standard deviation. It should be noted that it is only the maximum FLARE: FEB, 23, 1956 —PROMPT, 0
2 UPPER LIMIT L
dose in the tissue vhich is relevant for comparison since the flux-to-dose o AIR ONLY. USING FLUX-TO-DOSE J}
factors used are those for maximum dose. These comparisons show that the FACTORS AND OMHIDIRECT L P
a AR ONLY, USING FLUX-TO-DOSE
results obtained in paper 1 using the omnidirectional flux give a consid- 107! L FACTORS AND FORWARD FLUX “+—
T @ AIR-TISSUE-AIR, USING FLUX-TO-DOSE
erable overestimate of the true dose rate and taat a better estimate is FACTORS AND FORWARD FLUX
ohtained vhen the forward flux is used. The dose rate obtained using the [ = DOSE IN TISSLE
5 A | - A A
forvard flux ic essential’, he sam- as in the tissue for the absorbed dose 0 400 200 300

2
rate but overestimates the dose-equivalent rate by » 25%. A breakdown of DEPTH (g/em®)
Fig. 2. Absorbed-Dose Rate vs Depth. The error bars for the dose
rates obtained using the forward flux have about the same magnitude as
those at the corresponding depth for the omnidirectional case.

the dose contribution according to particle type and energy is given in
Tebles II and III. The omnidirectional and forward spectra for air only
and the forvard spectrum at the air-tissue interface are given in Figs. 3

and 4 for ne‘trons and protons, respectively. The reason for the substantiel
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Ooverestimate of the dose equivalent rate vhen the omnidirectional flux is
used is evident from these tables «0d rigures: Most of the absorbed dose
is comtributed by protons and high-energy neutrons, both of which are moving
predominantly in the forward direction, whereas neutrons in the 0.1- to
10-MeV range, which are nearly iazotropic and have & high quality factor,
contribute appreciably to the dose equivalent.®

From Figs. 2 and 3 it is seen that the dose rate determined using the
flux spectrum at the sir-tissue interface and [lux-to-dose factors is in
excellent agreement with the dose rate in the tissue. This means that the
m2jor error introdu.ed by using flux-to-dose factors and flux spectra com-
puted for air only is due to the neglect of the flux perturbation caused
by the tissue. The presency of the tissue is mainly refle.ted by the changes
produced in the neutron spectrum in the 0.1- to 10-MeV range (see Figs. &
and 5). The tissue has little effect on the proton spectrum or the neutron
spectrum above 10 MeV, Although the neutron spectrum below 0.1 MeV is
changed significantly, these neutrons do not contribute appreciably to the
dose .

The spatial distribution of the dose rates in the t.ssue shown in
Figs. 2 and 3 are given in more detail in Fig. 3. Also snown in Pig. 6 are
the dose rates obtaiuca .uen the air below the tissue is replaced by fuel.
Tre fuel increases the average absorbed-dose rate in the tissue by about 4%
and “ke dose equivalent rate by abcut 8%; these differences are comparable
to the statistical error of the calculation. The influence of the fuel on
the neutzon-flux spectrum at the back fsce of the tissue is shown in Fig. 7.
Thus, although replacing air by fuel has a wmarked effect on the low-energy
portion of the neutron spectrum, the dose received by tho tissue is affected

17
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little because of the smull contribution of 1. !ou-. I TYy neulrons to the

dose.

Figv-es 8 and 9 give the contribution to the dose rube in Lhe Liney
according to particle type. The primary proton contribution iz dur Lo th
ionization by those protons which have not experienced a nuciear interaction
either in the air or in the tissue, and ti secondary-proton contribution
is due to the ionizalion produced by all other protons. The photon contri-
bution includes those photons produced in the tissue by neutral-pion decay,
nuclear de-excitation, neutron capture, and the annihilation of pousitrons
resulting from muon decay. The heavy-nuclei (which here means all nuclei
heavier tuan nucleons) contribution is due to the energy deposited by re-
coil nuclei from elastic and nonelastic collisions and by heavy evaporation
products. The muons come from charged-pi=n decay and the electrons and
positrons rrom muon decay. The photons, electrons, positrons, and heavy
miclei are assumed to deposit their energy at the point where they are pro-
duced; consequently, particles of this type which are produced in the air
and enter ths tissue are not included. 1In obtaining the dose equivalent,

8 quality factor of unity was used for photons, electrons, and positrons
and a quality factor of tventy was assumed for the heavy nuclei. The quality
Tactor as s function of energy for protons was taken from Turner et al.ll
for energies above 10 MeV and from Irving et ql.12 for lower energies. The

quality fac.ors for charged pions and muons were calculated from the proton

quality factor. It is evident from Figs. 8 and 9 that while the proton
contrivution dominates the absorbed dose, the heavy nuclei are alsc important

contributors to the dose equivalent because of their high quality factor.
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In summary, the present calculations indicate that the dose rates
given in paper 1 are considerable overestimates and that the results given
here using the forward-fiux spectra arc better estimates. Using the forward-
flux spectra calculated in air and flux-to-dose factors gives a very good
estimate of the absorbed dose but overestimate: the dose equivalent by
~ 25%. This discrepancy is caused by using f.ux spectra calculated in air
only which do n>t account for the flux Pccturbation that would occur if the
tissue were actually present. Thus, if better accuracy is required, the
tissue must be taken into account explicitly. Although the comparisons
with and wvithout the tissue are made at only one depth, the general con-

clusions should remain valid for other depths.
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It should be realized that whether using the omnidirectional flux or
the forward flux yields a better estimate of the dose in the tissue
depends upon the thickness of the tissue. If the interest is in the
dueprodncedin.vcrythinsl&ottism.tbenitmlﬂhew
that the amnidirectional flux would provide a better estimate since

in this case the contribution of particles entering the "back" side of
the tissue would also be important .
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